ABSTRACT: Temperature is projected to increase in Norway over the next 50 yr. Even though it is supposed to increase most during winter, the expected temperature increase in the summer as well as in spring and autumn will lead to a longer thermal growing season all over the country. The growing degree-day sum within the growing season is projected to increase all over the country. The largest increase is projected to occur along the western coast of Norway, while the smallest change is projected to occur in the high mountainous part of the country. The study is based on empirically downscaled temperature data from ECHAM4/OPYC3 with the GSDIO integration. The results are obtained with a spatially distributed model for which downscaled temperature data are used as input.
INTRODUCTION
Climate in Norway shows large variability, both between seasons and between different regions. The winters are generally mild along the coast due to the vicinity of ocean waters. In inland regions, the winter season is cold, and the ground is usually frozen and covered with snow. The summer is warm and dry in continental regions, while the climate along the coastline is humid and mild in this season. The variation between the seasons is smallest along the coast, and largest inland. At some inland locations, differences between winter-minimum and summer-maximum temperature may exceed 70°C.
Plant growth is in general strongly related to air temperature, and it is especially vulnerable during spring (Menzel 2002 , Sparks & Menzel 2002 . Air temperature is found to be a limiting factor for growth potential; thus the growing season (GS) is rather short at high latitudes. Different species respond differently to air temperature: some are sensitive to lower temperatures, while others are more resistant to cold climate.
Since the early 1960s, the length of the vegetation period has increased through advanced onset of the beginning of the growing season (BGS) in midlatitudes (Menzel & Fabian 1999) . The BGS shows distinct year-to-year variability, but since 1989 it has clearly advanced (Chmielewski & Rötzer 2002 ). An increased GS may also lead to a change in insect activity and distribution. However, other climate parameters, such as change in precipitation and humidity, are also of major importance with regard to insect activity (Patterson et al. 1999) .
Different possible definitions of the GS are available (Brinkman 1979) . The number of days with daily mean air temperatures (at 2 m above ground level) above a given threshold temperature is often used. Plant growth is insignificant when the daily mean temperature is below 5°C. The 5°C threshold has become the standard definition for the base temperature when estimating the GS and growing degree-day sum (GDD). The GDD is the effective temperature sum indicating the intensity of the GS (Carter 1998).
Since air temperature varies with altitude, distance from the coast and latitude, the temperature-based definition of the GS reflects that one type of crop can start to grow earlier and last longer at one geographical site than another.
There has been large variability in annual temperature during the last 100 to 150 yr in Norway, directly affecting the GS. Within the 2 time periods from 1876 to the 1930s and from the 1960s and/or 1970s to 1997, there has been a significant temperature increase all over the country. There was a significant temperature decrease in Norway from the 1930s up to 1970 and/or 1970s in almost all regions. In total, the annual air temperature has increased since 1876 until present by between 0.4 and 1.2°C in different regions of Norway (Hanssen-Bauer & Nordli 1998 has shown that the air temperature in Norway increased during the last 2 decades, 1980-1999, compared to the recent standard normal period, (referred to as the reference period below).
Different coupled atmospheric-ocean global circulation models (AOGCMs) have estimated scenarios with rather large differences for future global climate, especially at high latitudes (Cubasch et al. 2001) . However, all models indicate a warming in Norway over the next 50 to 100 yr (Räisänen 2001 ). Further north and in inland valleys, considerably larger warming rates in winter (0.5°C decade -1 ) than in summer have been estimated (Bjørge et al. 2000 . Høgda et al. (2001) found that the GS increased between 1982 and 1998, especially along the southern coast of Norway (28 to 42 d) and southern Sweden (> 42 d). They used the normalized difference vegetation index (NDVI) derived from satellite images (NOAA-AVHRR) to define the GS. The GS was set to the period of the year when the value of the NDVI was >~0.2.
Carter (1998) studied the future change in the GS and GDD, based on the same thermal definition as presented here, at 9 locations in Fennoscandia. One of these sites was located in southern Norway. Carter used both historical observations and climate scenarios, which showed an extension of the GS in southern Norway of 45 d by 2050. That study was based on 3 scenarios from the Finnish Research Programme on Climate Change (SILMU) (Carter et al. 1996) .
In order to evaluate the future climate-change impact on the mean GS and GDD in Norway, a detailed study applying a spatially distributed model was carried out. Temperature data derived from the Max Planck Institute's ECHAM4/OPYC3 AOGCM (Roeckner et al. 1999 ) was utilized by empirical downscaling for the 30 yr period 2020-2049 (referred to as the scenario period). The downscaled temperatures are used as input to a spatial model, including GS and GDD algorithms, comparing present and future conditions.
TEMPERATURE DATA
One temperature scenario based on the ECHAM4/ OPYC3 AOGCM with the GSDIO integration is used. The model describes the global climate from 1860 up to 2050 (Roeckner et al. 1999) . This is a transient integration, including greenhouse gases, tropospheric ozone, and direct as well as indirect sulphur aerosol forcing. In this integration, the concentration of greenhouse gases has been specified according to the IPCC IS92a scenario, with an increase in CO 2 giving a near doubling in 100 yr (Cubasch et al. 2001) . The model gives a realistic description of the present climate in Norway and was therefore chosen as a basis for the downscaling of temperature and precipitation in Norway (Allen et al. 2000) .
Two downscaling techniques from AOGCMs, dynamical and empirical (or statistical), have been applied in Norway to establish projected climate scenarios for the future. Dynamical downscaling utilizes results from the AOGCM as input in a regional weather forecast model with finer resolution, and it provides daily values (Bjørge et al. 2000) . Empirical downscaling techniques involve the use of empirical links between observed large-scale atmospheric fields, such as air pressure or sea-surface temperature, and local climate elements, such as temperature or precipitation. These relations are used to estimate monthly values of temperature and precipitation values locally .
In this study empirically downscaled temperature data were utilized. Even though the time resolution is on a monthly basis, the at-site representation of empirical downscaled temperature data is better represented compared to dynamically downscaled data (Hanssen-Bauer et al. 2003) . The objective of this study was to evaluate mean changes in the future GS and GDD compared to present. An approach deriving mean daily temperature values from mean monthly temperature values was applied. The method ensures a smooth annual temperature curve, avoiding the problem of daily fluctuations around 5°C.
Empirically downscaled temperature values were obtained at 46 locations in Norway (Fig. 1 ).
METHODS

Estimation of daily mean temperature from monthly mean temperature
To estimate the GS and the GDD, daily mean temperatures must be available. For historical time periods, such values can be obtained using the observed daily values. The empirically downscaled temperature scenario of the future climate contains only mean monthly temperature estimates. As described by Carter (1998), the beginning and end of the GS may be ambiguous. This is because the daily mean temperature may rise and drop above and below the threshold temperature a few times in spring. To avoid the influence of this day-to-day variability of daily values, Groisman et al. (2003) defined the start and end of the GS by the dates of steady (at least 5 d long) transition of mean daily temperatures across a threshold temperature. For Finland, Venäläinen & Nordlund (1988) specified the start of the GS when daily mean temperatures exceed 5°C for at least 5 consecutive days in the spring, and the end when the 10 d running mean falls below 5°C. In the present study, the estimates of GS were based on smoothed daily mean temperatures deduced from average monthly temperatures. Applying this approach to both historical and scenario temperatures ensures consistent values for both periods analyzed.
Daily mean temperatures are interpolated from the mean monthly temperatures by a spline curve (Press et al. 1992 ). The curve is fitted through the 12 monthly mean temperatures. An example from Oslo-Blindern is shown in Fig. 2 . A constraint is added to the spline equation to ensure that the deviation between the gridded mean monthly temperature and the mean monthly temperature based on the estimated daily temperature values does not exceed 0.001°C, defined as the tolerance criterion. The amplitude of the spline curve is adjusted by shifting the positions of the monthly mean (default in the middle of the month). This is done iteratively until the tolerance criterion is fulfilled. The technique provides a simple, fast and robust method which can be applied everywhere when only mean monthly temperatures are available. It is highly suitable for the analysis of large spatially distributed (gridded) datasets with limited computational effort. As shown in Fig. 2 , the method reproduces the daily mean temperatures satisfactorily. An evaluation of the spline technique for establishing mean daily temperatures by comparing them to observed daily values is shown in Appendix A. It is shown that there are only marginal differences between GS estimated from observed and estimated mean daily temperatures.
Spatial interpolation of temperature
Mean monthly temperature maps for Fennoscandia were established for the reference period by . The maps were derived from temperature observations at about 1150 stations all over Fennoscandia, of which 421 are situated in Norway, by applying a residual kriging approach (Davis 1973) . The grid resolution of the maps is 1 × 1 km 2 . Spatial interpolation of absolute temperatures is concerned with difficulties due to a sparse station network and large variability over short distances. Spatial interpolation methods are usually based on assumptions of second-order stationarity and isotropy. These assumptions are not fulfilled when considering absolute temperatures. The temperatures must therefore be transformed in order to obtain 'fields' that fulfil the assumptions. By normalizing the mean monthly temperature values for the scenario period, the assumptions are almost fulfilled. The normal value is subtracted from the mean temperature value for the scenario period. In the resulting anomalies, spatial climate trends are removed. By performing spatial interpolation on the anomalies, more robust estimates are obtained compared with interpolation of absolute temperature values. The interpolation procedure TOPOGRID is used to interpolate the anomalies. It is essentially a discretized thin-plate spline technique (Wahba 1990 ). An evaluation of the spatial interpolation method of temperature anomalies is presented in Appendix B. Maps of mean monthly temperature for the scenario period were obtained by adding the anomaly maps to the temperature maps for the reference period. The resolution of the maps is 1 × 1 km 2 . Daily mean temperatures for both the reference period and the scenario period were found by applying the spline technique for each grid cell in the derived maps.
Calculating growing season and growing degree-days
The GS is defined as the period of the year when the daily mean temperature is above 5°C (Carter 1998). A smoothed curve of daily mean temperatures is established for each grid cell in the temperature map based on the 12 mean monthly values. The BGS, the end of the growing season (EGS) and the length of the GS can thus be calculated for each cell in the grid.
The GDD are defined as the accumulated degree sum above a defined reference temperature (Carter 1998): where T i is the daily reference temperature for Day i andT is the threshold temperature (5°C).
RESULTS AND DISCUSSION
Growing season
The length of the GS varied from less than 50 d in the high mountainous areas of southern Norway to more than 200 d in a narrow zone along the southwestern coast of the country in the reference period (Fig. 3a) .
The length of the GS shows patterns similar to topography (Fig. 4) .
The largest change in GS in the scenario period compared to the reference period was projected to occur in the western part of the country, in Nordland and in the northernmost part of Norway (> 40 d) (Fig. 3b) . In the Oslo and Trondheim area, and the inner part of Finnmarksvidda, the change was projected to be smallest (< 20 d). Fig. 5 shows an example of the mean daily temperature estimates for the periods studied at Stn 06040 (Flisa) (see Fig. 1 ). The projected increase in length of the GS is advanced by almost the same number of days in the spring as it is delayed in the autumn. Fig. 5 also shows, as stated by Hanssen-Bauer et al. (2000 , that the temperature increase is projected to be largest during winter.
The BGS for the reference period began between the middle of April (coastal area in southern parts of Norway) and the end of May at altitudes up to ca. 900 m above sea level (masl). In the high mountainous areas of Norway, with altitudes above 900 masl, and in Finnmark, the GS started in June and even as late as in the middle of August. This very late start of the GS is in regions where there are only a few days with mean daily temperatures above 5°C (Fig. 6a) . The projected change in the BGS in Norway in the scenario period compared with the reference period (Fig. 6b) shows the same pattern as for the projected change in the length of the GS. The cumulative frequency curves of the BGS and EGS (Fig. 7) show that for 50% of the total area of Norway in the reference period the GS started before Day 145 (25 May). For the scenario period, this day was 11 d earlier, at Day 134 (14 May). For the EGS, 50% of the total area was in the GS until Day 263 (20 September) in the reference period. For the scenario period, this day was 16 d later, at Day 279 (6 October). Consequently, the GS is projected to become almost 4 wk (26 d) longer for 50% of the country.
The length of the GS has already been mapped based on historical phenological observations of average date of leaf unfolding for 4 different plant species in Europe for 1961 -1998 (Rötzer & Chmielewski 2001 . The plant species were observed at the International Phenological Gardens (IPGs) in Europe. The IPGs in Europe have genetically identical clones of trees and shrubs (Menzel & Fabian 1999) . However, only 3 IPGs are located in Norway. The map of Rötzer & Chmielewski (2001) shows that the GS is between 120 d in the high mountainous areas and about 180 d along the coast of Norway. The geographical pattern is similar to the present results; however, the range is somewhat smaller (< 50 d in the mountainous areas to > 200 d on the western coast; Fig. 3a) . Rötzer & Chmielewski (2001) have shown that regions such as the southern UK, The Netherlands and northern Germany had an average GS from ca. 200 to 210 d in 1961-1998 . This means that the average length of the GS along the southern coast of Norway in 2021-2050 will be as it is today in those European countries. Carter (1998) showed that, with the SILMU scenarios, the GS at Stn 27500 (Ferder Fyr), on the southeastern coast of Norway (Fig. 1) , would increase by 45 d by 2050. This is a ~100% larger increase than indicated by the study presented here. The results presented are based on mean monthly temperature values in the reference period compared with those in the scenario period. Thus, the estimate is for 30 yr mean values in the future, not the actual situation in 2050. Carter's estimate is based on 3 global climate models, different from the one used in this study, for 2050 compared to the reference period (Carter et al. 1996) . Larger variations can be expected by comparing different years. Stn 27500 (Ferder Fyr) is a coastal station. The result obtained by Carter (1998) is thus not directly comparable to the present study.
Growing degree-days
The GDD in the reference period in Norway varied from less than 200 to more than 1200°C (Fig. 8a) . A belt from the Swedish border to the Trondheimfjord area, and a narrow belt further along the coast from here to Lofoten had the largest GDD, more than 700°C. Northern Norway and interior regions of the country had GDD estimates between 200 and 700°C. In the mountainous areas in southern and northern Norway, the GDD estimate was less than 200°C. The projected change in GDD in the scenario period compared with the reference period in Norway is presented in Fig. 8b . The projected change is estimated to be between 300 and 480°C in western Norway and along parts of the northern coast. In parts of northern Norway and high mountainous areas, the change will be less than 200°C. The eastern part of southern Norway, the Trondheim area and coastal and inner parts of northern Norway, the change is projected to be between 200 and 300°C.
The frequency curve of the GDD for the 2 periods studied (Fig. 9) shows that the intensity of the GS will increase throughout the whole country. Of the total area of Norway 50% has a mean intensity of the GS in the reference period up to ~400°C. In the scenario period the same portion of the country had an increase in intensity of the GDD up to ~650°C. 
SUMMARY AND CONCLUSIONS
Temperature scenarios for Norway show that the largest temperature increase in 2021-2050 is projected to occur in the winter season. However, a significant temperature increase during the spring, summer and autumn seasons is projected as well. This will lead to a longer GS all over the country compared with the reference period. The strongest increase in the GS is found in the western parts of the country, in Nordland and at the northernmost coastal zone in Finnmark. The latter is probably due to the maritime influence at the stations used in this analysis, which in this area are mainly lighthouse stations.
The GDD will increase all over the country, and the largest increase will occur along the coast. As a good indicator of energy available for biological growth during the GS, an increase in the GDD may lead to heavier growth of the crops already present. A marked increase in GS and GDD, as the scenario indicates, may also result in the introduction of new species -plants and, e.g., insects. Problems may therefore occur, such as damage caused by increased numbers of insects as well as a higher risk of plant disease. However, this study alone cannot be used to make such conclusions, since other important aspects, e.g. moisture conditions and radiation, have not been considered. When studying the effects of climatechange scenarios, one must be aware of the encumbrance of uncertainties in the results. The temperature scenarios used are based on empirical downscaling from only 1 AOGCM at only 46 stations covering Norway. These stations may not represent all the spatial variability in the GS and the GDD. Both the spatial interpolation method and the downscaling method have uncertainties. The combination of all these points makes the uncertainty difficult to quantify.
Appendix A. Validation of the growing season (GS) estimates with the use of smoothed mean monthly data compared to daily temperature data As described in Section 3.3, the GS is defined as the period of the year when the daily mean temperature is above 5°C. Carter (1998) states, 'in any individual year the spring and autumn periods are usually characterised by frequent departures above and below the 5°C threshold.' This implies that setting the dates for the start and end of the GS may be nontrivial, which is illustrated in Fig. A1 . Days with daily mean temperature above 5°C are plotted for Stns 80700 (Glomfjord) and 18700 (Oslo-Blindern) (northwestern Norway and southeastern Norway, respectively). At Stn 80700 (Glomfjord), the daily mean temperature fluctuates around 5°C several days a year. The definition of the GS is therefore sometimes ambiguous. In Oslo, the definition is accurate in most cases, but still there are years when the definition gives ambiguous results. Thus, certain rules for smoothing of the mean daily temperature are commonly applied. The start of the GS (when for at least 5 d the long transient mean temperature is above 5°C) and the end of the GS (the day when the 10 d mean temperature falls below 5°C) are plotted as well.
In this paper, the length of the GS was calculated from smoothed monthly mean temperature. In order to evaluate this method, the results at 4 sites were compared with calculations based on the daily method. A smoothing of the daily data was applied to avoid the influence of day-to-day variability around 5°C (Venäläinen & Nordlund 1988) . The 4 stations are located in the southeast (Stn 18700), southwest (Stn 46610), northern (Stn 80700) and 'northernmost' (Stn 93900) parts of the country (Fig. 1) . Both the GS and the GDD within the GS were compared (Table A1 ). The mean length of GS for the 20 yr period is quite similar. The monthly values lead to a GS a few days longer compared to the daily method. However, the GDD is larger (2 to 6%) when calculated with the daily method. This is because the mean monthly temperature is based on all temperature observations, while the daily method does not include days with daily mean values below 5°C. The year-to-year variability in the GS and GDD is also reproduced well by the monthly method (Fig. A2) . 
Appendix B. Evaluation of the spatial interpolation technique
A cross-validation of the spatial interpolation of monthly temperature anomalies was performed for 1981-2000. The monthly temperature anomalies are defined as the difference between the mean monthly temperature at 134 stations in Norway and the 1961-1990 standard normal temperature for that particular month. The variability in the temperature anomalies studied is larger in winter months than in summer months (Fig. B1) , indicating that the regional temperature distribution is more complex during winter than summer.
The results of the cross-validation are presented in Fig. B2 . With a perfect model, all values should be equal to 0. However, as shown in the figure, this is not the case. To evaluate the cross-validation results, the following criteria are given:
• The mean (m) and median (M ) of the anomalies value should be equal to 0. • The number of values estimated outside of the 95% confidence interval (B ) should not exceed 5% of total number of observations (B <= 7 in this case).
• The results are presented in Table B1 .
• The first criterion is fulfilled for all months. The second criterion is not fulfilled for the months February-April and September-December. This is partly caused by 'outliers'. However, the locations of the 'outliers' differ from month to month. Since only 20 yr of data were available for this evaluation, this criterion might be too strict -outliers are given relatively high weight. With a 90% confidence interval, 13 observations are allowed outside the confidence interval (B = 13). The second criterion would then be fulfilled for all months. The interpolation method is thus found to be acceptable, especially in the months from March until September/October, which are the most important months concerning GS. This is reflected in Fig. B1 , which indicates larger standard deviation in winter than during summer. 
